tools for studying their properties at relevant length and timescales. Within the context of biologically templated materials, arguably the atomic force microscope (AFM) is the tool of choice, due to its versatility, spatial and temporal resolutions, and ability to manipulate directly biomolecular complexes.
This chapter aims to give an introduction to the underlying mechanics of the AFM and how the direct interaction of a physical probe can be utilized to extract meaningful topographical and mechanical quantities from biological components and bionanomaterials. This background theory is related directly to the ascertainable spatial resolutions, providing insight to systems such as the spatial addressing of DNA nano-architectures with the E. coli protein Recombinase A (RecA). More recent developments, enabling exquisite force sensitivity and improved spatiotemporal resolutions, are discussed and examined in relation to nano-mechanical characterization and real-time observations of biological interactions. Finally, the characteristics of the AFM are related to the direct construction of nano-materials, highlighting the AFM as a versatile nano-manipulator.
INTRODUCTION
Materials have always played an important role in progressing our civilization. In many cases, the development of new classes of materials, together with capability to exploit these to create novel and more sophisticated devices, has triggered the birth of a new age-historically, for example, the Stone Age or the Iron Age. More recently, the enormous advances of the semiconductor industry over the past few decades have relied heavily on rapid advancements in materials science, which, in turn, relied on the progress of nanotechnology. The general idea of nanotechnology and its exploitation for materials purposes has originally been proposed over half a century ago, often credited to Richard Feynman and his groundbreaking talk "There's plenty of room at the bottom" in 1959. 1 However, progress was impeded by the lack of tools to manipulate and visualize small structures, a challenge Feynman already referred to in his talk.
It took more than two decades until a family of tools, the scanning probe microscopes (SPMs), which eventually enabled the visualization and later even the direct manipulation of matter at the nanoscale, was introduced with the development of the scanning tunneling microscope (STM) in 1981 by Gerd Binnig and Heinrich Rohrer. 2 The range of tools has rapidly expanded ever since and now includes Kelvin probe force microscopy (KPFM), 3 magnetic force microscopy (MFM), 4 chemical force microscopy (CFM), 5 scanning near-field optical microscopy (SNOM), 6 scanning ion-conductance microscopy (SCIM), 7 scanning thermal microscopy (SThM), 8 and atomic force microscopy (AFM), 9 to name but a few. Today, SPMs have become a fixture in modern nanotechnology.
Despite the extensive range of tools, by far the most versatile workhorse for materials science in the SPM arsenal is the AFM. Developed in 1986 in an attempt to extend the use of SPMs to nonconductive samples, the AFM directly addresses a physical probe to a sample's surface, responding to minute intermolecular forces between the tip and the sample. 9 The AFM's operation can be likened to that of reading Braille and is found to be applicable to a very large range of different types of matter, and it can operate under vacuum, in ambient conditions, or under liquids. Studying Biologically Templated Materials with Atomic Force Microscopy In Feynman's vision of nanotechnology, 1 construction at the nanoscale was anticipated through top-down manipulation of atoms. Indeed, it is this view of connecting directly down to the nanoscale that has led the way for micro-and nanoelectronics manufacturing for several decades. However, more recently, bottom-up approaches have been developed to assemble sophisticated complexes from individual building blocks. 10, 11 Although the smallest building blocks for any assembly are the individual constituent atoms, the focus has largely been upon harnessing macromolecules with appropriate assembly functionalities as building blocks. In particular, biological molecules have received considerable attention for the bottom-up construction of sophisticated nanoscale complexes owing to the inherent fidelities and specificities of their interactions and the hierarchical nature through which they self-assemble. By exploiting and adapting biological moleculessuch as proteins, nucleic acids, and lipids-it is thus possible to construct novel, complex, and even functional systems at nanoscale dimensions in a massively parallel manner. Materials created using these principles are often referred to as bionanomaterials.
However, to capitalize fully on this potential, it is necessary to interrogate directly the mechanical properties of the biological molecules and the resulting assemblies, to observe their interactions, and even to manipulate them directly. AFM, in particular in connection with recently developed high-speed and high-resolution imaging modes for imaging biological systems, is arguably one of the most suitable and versatile tools to study such systems with relevant spatial as well as temporal resolution. It is within this context that this text discusses the ability of AFM to study a range of relevant aspects of biologically templated materials with great versatility.
In this chapter, the basic physics that underpins the operation of the AFM will be introduced, and how this relates to some of the specific quantities we wish to extract from measurements of bionanomaterials will be discussed. The AFM with respect to high-spatial resolution imaging and developments which have taken place to increase the temporal resolutions, sufficient to follow the specific interactions of biological molecules, will be highlighted. Furthermore, the ability to apply and sense nanoscale forces will be discussed to highlight the nanomechanical properties that can be extracted. Finally, how this exquisite force control can be applied to the direct manipulation of molecules for the orchestration of directed assemblies at the nanoscale will be described.
ATOMIC FORCE MICROSCOPE
The original AFM, 9 as seen in Figure 3 .1, was based on the simple concept of moving a sharp tip at the end of a cantilever across the sample surface while recording the deflection of the cantilever. The cantilever was maintained in constant contact with the sample surface during imaging and this method is nowadays referred to as contact mode (Figure 3 .2b). 9, 12 The AFM can be broken down into a few basic constituents, a cantilever and probe, a system for detecting motion of the cantilever, and several piezoelectric elements arranged to coordinate movement of either the tip or the sample in X, Y, and Z. These elements can occur in various arrangements such as a sample scanning setup, seen in Figure 3 .2a.
In the original work, the deflections of the cantilever as a result of tracking the topology of the surface, were measured by the tunneling current occurring between the cantilever and an STM tip positioned at a fixed location above. 9 The conceptual simplicity and the stunning imaging resolution that was achieved by this conceptlateral and vertical resolutions of 30 Å and 1 Å, respectively-led to a large variety of investigations being published in rapid succession, imaging a multitude of objects in air and liquid, and under vacuum. The latter environments often resulted in significant enhancements to the spatial resolution due to removal of the capillary forces present in ambient environments owing to the accumulated water layers between the AFM tip and the surface. 13 This will be discussed in more detail below. At this stage, AFM imaging was restricted mostly to hard surfaces, whereas the examination of biological samples was limited because of the high lateral forces imposed by the tip during imaging, causing deformation and disruption of the substrate.
A first solution to this problem was introduced by Martin et al. in 1987 in the form of a noncontact imaging mode. 14 Here, the cantilever was maintained within 1-10 nm from the surface and oscillated at its resonance frequency. Perturbations in the oscillation amplitude were used to form an image (Figure 3.2d) . In this imaging mode, the vertical and lateral forces imposed on the surface are negligible, making the imaging of delicate biological samples a possibility. However, this came at the price of significantly reduced spatial resolution.
Modern AFMs can be operated in a variety of different imaging modes, utilizing different ways of how the probe interacts with the sample, taking into account the specific requirements of the surface to be imaged. In particular, the introduction of dynamic imaging modes led to significant advances in the imaging of soft and in particular biological samples. Here, instead of maintaining a constant height as in noncontact mode and measuring the changes in amplitude as a result of the topography of the sample, the vertical position of the cantilever is adjusted dynamically such that a particular tipsample interaction property, for example, the amplitude of the resonant oscillations of the cantilever, is maintained. This is achieved using a feedback loop, and the output of the feedback loop is then used to form a topographical representation of the surface.
The most commonly used dynamic mode is an intermittent contact mode, commonly referred to as tapping mode (Figure 3.2c) . 15 Again, the cantilever is excited at its resonance frequency and is subsequently brought into proximity with the surface. In contrast to noncontact mode, the cantilever tip lightly taps the surface at the extent of each oscillation, which leads to small distortion in the oscillation. Instead of maintaining a constant height and measuring the changes in amplitude as a result of topography, the amplitude is maintained and a feedback loop is used to adjust the vertical position of the cantilever relative to the sample surface via the actuation of a z-piezo, to keep the distortion in oscillation constant. This method imposes higher vertical forces to the sample surface compared to noncontact mode imaging, but lateral forces remain low. Importantly, it provides greater spatial resolution over its true noncontact counterpart. 13 Shortly after the first demonstration in ambient environments, Hansma et al. demonstrated tapping mode AFM in fluids in 1994, 16, 17 which is arguably one of the major breakthroughs that opened up AFM techniques to the world of biological molecules. Additional enhancements to the spatial and especially the temporal resolutions of dynamic AFM modes have occurred over the last decade, increasing the applicability of the AFM in the study of biological molecules. As this chapter is concerned with the AFM imaging of biologically templated materials, we will focus mainly on dynamic imaging modes, although some of the theoretical aspects will also be applicable for general AFM operation.
Irrespective of the particular mode of imaging used, the accurate monitoring of the deflection of the cantilever is of key importance. As mentioned above, in the original work by Binning et al., the deflection of the cantilever was monitored by measuring the tunneling current occurring between the cantilever and an STM tip positioned above. 9 An alternative detection method utilized piezoresistive layers applied directly to the top surface of the cantilever. 18 However, the most widely adopted method of cantilever detection was established in 1988 by Meyer et al. 19 Here, a laser beam is focused on the back of the cantilever. The reflected beam is then directed onto the center of a fourquadrant area of photodiodes. For the nondeflected cantilever, half the laser beam now hits the upper photodiodes and the other half the lower photodiodes (Figure 3.2a) . Upon deflection of the cantilever, this distribution is shifted and hence can be used to quantify the deflection. This optical system enables convenient and high-precision measurements of deflection as the small changes in deflection of the cantilever are amplified into large linear movements across the surface of the optical beam detector (OBD), allowing for small height features on the surface to be registered, according to the following equation:
where: ∆Z is the change in position of the deflected laser beam on the OBD ∆z is the change in z-position of the free end of the cantilever D is the cantilever-OBD distance L is the cantilever length
Background Theory
Despite the wide adoption of AFM, a solid understanding of the tip-sample interaction and cantilever dynamics has taken a long time to be established. Moreover,
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Studying Biologically Templated Materials with Atomic Force Microscopy no single description has thus far accounted for all imaging conditions. It is this limitation in theoretical understanding that has hampered rapid advancement in AFM techniques, especially with respect to minimizing interaction forces while maintaining spatial resolution. However, recent innovations have enabled the development of advanced imaging regimes, such as peak force tapping (PFT), which address these challenges (see Section 3.4.2). The following discussion examines the physical interactions occurring between the tip and the sample that underpin the formation of AFM images.
Tip-Sample Interactions
When considering the formation of an AFM image, we must consider the combination of attractive and repulsive forces that cumulatively act upon the tip to form the observable quantity (Figure 3. 3). These interaction forces are, however, difficult to disentangle and understanding each contribution in isolation is not trivial. The interaction between the tip of an AFM cantilever and a substrate is mediated by an array of electromagnetic forces, examined in brief below. Other more comprehensive reviews exist in the literature, for example, by Garcia. 13 First and foremost, we must consider van der Waals (VdW) forces, which are long-range attractive interactions between atoms and/or molecules arising from electric dipole interactions. In the case of tip-sample interaction, we must consider the sum of all dipoles within both the sample and the tip (Figure 3.3a) . Surfaces are rarely flat on the nanometer scale, and hence we approximate the surface as an array of half-spheres. When considering the tip as a half-sphere a distance d away from the surface, the VdW force is given by 20
where:
R s is the effective radius of the surface roughness R is the radius of the tip H is the Hamaker constant
As will be discussed later, this view of a nanoscale surface defined by interconnected half-spheres, in part, defines the limit in spatial resolution achievable when imaging with another half-spherical object.
In addition, a range of repulsive forces, including forces arising from Pauli exclusion and ionic repulsion, must be considered. However, these interactions can be described sufficiently well by phenomenological contact mechanics models, which take into account the load (applied force) and the elastic properties of the materials involved (both the tip and the surface). Hertz first described the contact and subsequent deformation of two spherical objects under an applied force in 1881. 21 Subsequent revised models by Derjaguin, Muller, and Toporov (DMT) 22 and Johnson, Kendall, and Roberts (JKR) elaborate on the relationships between deformation and load by additionally considering an adhesion force. Upon first encounter, the JKR and DMT models appear contradictory; however, they describe opposing ends of the elastic modulus spectra. 23 Thus, the DMT model is relevant for low adhesion forces and stiff contact moduli when applied to small tip radii. 23 By contrast, the JKR model successfully describes large tip radii with a contact that is of low stiffness and has high adhesive forces. It is important to note that the former considers adhesions forces acting outside of the contact area, whereas the latter does not. 13, 23, 24 In addition, these models also account for some nonconservative forces such as surface adhesion hysteresis and viscoelasticity. 13 When operating the AFM under ambient conditions, a water meniscus forms spontaneously between the tip and the sample surface, owing to capillary condensation (Figure 3.3b) . The two principle radii of curvature of the meniscus, r 1 and r 2 , are linked to the vapor pressure P of the liquid as follows 25 :
where: r k is the Kelvin radius R g is the gas constant T is the temperature P sat is the vapor pressure at saturation γ L is the surface tension of the liquid V m is the molar volume of the liquid From this equation, it can be seen that a meniscus will form when the tip reaches a distance from the surface equal to that of the Kelvin radius.
In general, analytical solutions of the tip-sample-associated capillary force F cap do not exist, but Israelachvili provides a solution in the approximation where the tip is modeled as a half-sphere and the surface is considered flat 26 :
where: d is the distance between the tip and the surface R is the tip radius d 0 is the height of the meniscus θ is the contact angle at the surface We note that the force reaches a maximum when the tip is in contact with the surface (d = 0). Although the above equation is only valid for a specific approximation, the general cases are not dissimilar. It has been shown both numerically and experimentally that capillary force values can reach 100 nN, clearly becoming the dominating force in any ambient imaging regime compared to other typical tip-sample interaction forces which range from high piconewton to low nanonewton. The prevalence of a dominating capillary force under ambient conditions can cause problems for stability and resolution, in particular when imaging soft specimens. This force can be eliminated altogether when the entire tip-sample interaction occurs within a liquid medium. However, other forces such as solvation and electrostatic double-layer forces come into play owing to the presence of the solid-liquid interface at the tip surface.
When submerged in polar solvents, solid surfaces become charged through the absorption of ions or charged molecules, or by the ionization of the surface atoms themselves. This excess charge at the surface is compensated by an accumulation of an equal number of opposite charges in the solution close to the surface. The thin layer of liquid containing the extra charges is generally referred to as the electrostatic double layer (EDL), which can extend into the solution from 1 nm to hundreds of nanometers, depending on the ionic strength of the solution. The EDL is highly dynamic, in constant battle between the entropy of ions becoming diffuse throughout the solution and the electrostatic attraction of the surface.
An EDL force is encountered when a second surface is introduced into the liquid and brought into close enough proximity to the first surface such that their respective EDLs overlap and hence interact. The EDL force is generally repulsive if both surfaces are either positively or negatively charged upon immersion in the polar solvent.
When imaging under liquid, the EDL and the VdW forces are usually dominating. These forces form the basis of the Derjaguin-Landau-Verwey-Overbeek theory, and an approximation of the resulting force in the case where the tip is modeled as a half-sphere and the surface is considered flat was given by Butt et al. for the case of d ≫ λ D , the Debye length, that is, the thickness of the EDL: 27
where: ∈ and ∈ 0 are the dielectric constants of the medium and the vacuum, respectively σ t and σ s are the surface charges of the tip and the sample, respectively
We note that the thickness of the EDL varies strongly with the ionic strength of the medium, and hence the strength of the EDL force can be tuned accordingly. In doing so, access to high spatial resolutions is achievable. 28, 29 Furthermore, an appropriate balance between a stable imaging environment, a suitable sample binding environment, and biological reaction conditions is required. 30 In addition, one must account for solvation and hydration forces that occur due to the confined nature of liquid molecules between the tip and the sample surface. 31, 32 It must also be considered that there is a dependency upon the mechanical and chemical properties of the substrate itself and its imaging environment.
canTilever dynamics
So far, we have only considered the complex interactions between the surface and the tip. We must, however, be mindful of the role of the cantilever onto which the tip is mounted, in particular for dynamic mode imaging which is the main interest of this chapter. The cantilever can generally be modeled as a perturbed harmonic oscillator. This has been discussed extensively in the literature and an excellent overview is given by Garcia. 13 The way in which a cantilever behaves when excited is defined by three characteristics: its resonant frequencies f n , its quality factor Q, and its spring constant k. When considering a standard beam cantilever with the dimensions w, h, and l, and only considering the most commonly used mode of oscillation, that is, the transverse mode where the cantilever oscillates vertically, the above characteristics are given by 13 f h l
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E is the Young's modulus ρ is the mass density of the cantilever material The coefficients λ n are defined by cos λ n cosh λ n = −1, which leads to λ 0 = 1.875 and λ 1 = 4.694 for the lowest two resonances of the cantilever
The spring constant k is given by
The Q-factor describes any damping that affects a resonating cantilever and therefore is largely defined by the surrounding medium (air, liquid, or vacuum). This dimensionless parameter can range from a few thousand in vacuum to a few hundred in air, and even lower in liquid, and effectively describes the sharpness of the principle resonance peak:
where ∆f is the full width half maximum of the resonance peak. We note that these equations are valid in vacuum, and that both resonance frequencies and Q-factor can change considerably when the cantilever is oscillated in a medium.
The desire to visualize biologically templated materials, as well as eventually the actual assembly processes at the nanoscale, requires imaging in aqueous buffers which mimic their native environments. 33, 34 This further complicates cantilever dynamics owing to the changes in resonance frequencies as a result of the fluid environment (rather than vacuum) and viscous damping forces. Furthermore, when a cantilever is oscillated in a fluid environment, there are two additional factors to consider: first, the interaction of the liquid with the cantilever, and second, the interaction at the sample-liquid-tip interface, where long-range forces such as EDL forces can become significant. However, it is important to remember that by imaging under liquid the capillary force, which can be dominating in ambient environments, is removed. 13, 17 For simplicity, we only consider the case of imaging in a water environment, as EDLs formed by ions in aqueous buffers further complicate tip-sample interactions, and thus cantilever dynamics, and hence must be tuned appropriately depending on the system that is investigated. As mentioned above, in water there is a reduction in Q and f n of the cantilever. For example, when considering a beam cantilever, the primary resonance frequency is typically reduced by a factor of 3-5 when operated in water compared with air. This decrease is caused by fluid boundary layers forming around the cantilever, which must be displaced during each oscillation cycle. Moreover, the viscous properties of the medium impart hydrodynamic damping to the cantilever, which is responsible for the reduction of Q. 35, 36 Nanomaterials As the oscillating cantilever is brought toward the surface, the fluid boundary layers form a greater proportion of the cantilever-sample separation distance, thus increasing the fluid shear, which in turn causes further damping. In most cases, it is acceptable to neglect such shifts as these occur between the tip and the sample only, whereas the prevailing hydrodynamic effects act upon the entire cantilever body. 37 Additionally, higher harmonics can complicate the cantilever oscillations in liquid owing to the significantly reduced Q, whereas these are negligible in air. 38 
SPATIAL RESOLUTION
Defining the spatial resolution of an AFM is different to that of conventional radiationbased microscopes. The AFM forms images of surfaces in three dimensions and hence requires us to distinguish between lateral (x and y) and vertical (z) resolutions. The main contributors that determine vertical spatial resolution are the mechanical and electrical noise in the feedback system, and thermal fluctuations of the cantilever. By contrast, factors such as the tip radius, the aspect ratio, the distance over which the surface forces decay, and the compliance of the sample govern the lateral spatial resolution. Note that unlike with most radiation-based microscopy techniques, the mechanical properties of the sample play a defining role in the spatial resolution obtainable.
verTical resoluTion limiTs
The ability to distinguish small step heights is directly limited by the inherent noise of the imaging signal, either amplitude or frequency. 39 In the case of amplitude modulation, the most commonly used method, the ratio of the noise in the amplitude signal, δA, to the gradient of the amplitude versus tip-surface-distance defines the vertical noise inherent to the image:
For soft samples such as biological molecules, the gradient is typically 0.2−0.5, and hence δh n is typically between 2 δA and 5 δA. 39 There are two major factors that contribute to noise in the cantilever signal, and these can be considered independent of each other: First, the cantilever experiences thermal instabilities, and second, there is an inherent noise in the detector/feedback loop, dominated primarily by noise in the optical detection of the deflected laser beam. The latter has been reduced significantly over recent years through enhancements to the OBD, improved laser sources, and small cantilever systems. As a result, the thermal instabilities of the cantilever are now the dominating noise source of the cantilever in modern AFM systems. 31 and all other quantities as defined above. Provided that this is the dominating contribution and generally small in modern cantilevers, systems can be built which are sensitive even to the short-range forces proximal to the surface, and therefore offer increased spatial resolution and force sensitivity, as the two are highly intertwined. 31
laTeral resoluTion limiTs
The lateral resolution is governed by the typical feature sizes of both the tip and the sample, and the resulting AFM image is in fact a convolution of both shapes ( Figure 3.4) . As a result, unless the tip radius R is significantly smaller than the typical feature sizes of the sample, the lateral sizes of the imaged structures are generally overestimated by AFM. Furthermore, where typical surface features are smaller than the apex of the tip, we can argue that the resulting AFM image is dominated by the tip apex rather than the sample surface. The lateral resolution, δl r , can now be defined as the smallest distance at which adjacent features with a height difference of ∆h on the sample can be resolved, and is given by 43
where δh r is the vertical resolution.
In the context of this chapter, it is justified to set δh r ≈ δh n . It is evident from the above equation that the lateral resolution depends not only on the tip but also on the vertical resolution of the system, as well as the height of the features. For illustration, if we consider an AFM system with a typical vertical noise level of 0.1 nm and employing a tip with a radius of 5 nm, the lateral resolution δl r when resolving peaks of identical height on the surface is 2 nm, whereas δl r ≈ 4.3 nm when imaging features with a height difference of 1 nm. Any features occurring closer than δl r will be subjected to tip convolution artifacts (or dilation); this effect is represented in Figure 3 .4.
In the above approximation, we considered the tip apex as being the only volume that interacts with the surface. However, this is not always true, in particular when imaging surfaces where the height of the features is larger than the tip radius. In such cases, the sidewalls of the tip will also interact with the surface. To address this problem, the use of single-walled carbon nanotubes as AFM tips has been investigated owing to their excellent aspect ratio and tip radius. 44 However, difficulties in preparing such tips impedes their wide adoption.
The above discussion of lateral resolution assumes noncompliance of both the tip and the sample, that is, neither sample nor tip deformation is taken into account. Although this is reasonable for solid samples, the elastic deformation of soft samples under an applied tip load will significantly alter both the vertical and lateral resolutions achievable.
When considered in relation to the Hertz model, 21 where the applied force, F, the tip radius, R, and the effective Young's modulus of the sample, E eff , are taken into account, the lateral resolution is found to be
where the effective Young's modulus E eff of the surface-tip interface is given by
where E t,s and ν t,s are the Young's modulus and the Poisson ratio of the tip and the sample, respectively. This implies that forces below 1 nN and tip radii of around 1 nm are required to obtain subnanometer resolutions. More importantly, it indicates that such high resolutions are substantially easier to achieve on materials with high Young's moduli. 13, 43 We note that several groups have reported AFM images with molecular resolution of biomolecules by increasing E eff by forming rigid structures (e.g., protein crystals). 28, 45 By contrast, alternative instrumental developments to circumnavigate the above challenges have been developed to control and reduce actively (PFT, see Section 3.4.2.) and passively (torsional tapping [46] [47] [48] ) interaction forces giving rise to higher resolutions.
applicaTion To BionanomaTerials-dna-TemplaTed maTerials
The use of DNA as a structural element was first envisaged by Nadrian Seeman in 1980 as a method for creating nanoscale arrays with programmable Studying Biologically Templated Materials with Atomic Force Microscopy periodicities. 49 DNA is a semiflexible biopolymer assembled from four nucleic acids or bases, which natively exists as a duplex owing to the high fidelity of the Watson and Crick base-pairing interactions between the nucleic acids. Seeman realized that the sequence of bases could be arranged such that topologically more complex structures than linear double-stranded DNA could be formed. Such structures, examples of which are in fact found in nature-hairpin loops and four-way Holliday junctions-have great potential in nonbiological applications such as material science. Through intelligent design of the sequence of bases (primary structure), multiple DNA strands can be designed to bind to one and other in a specific fashion forming a unique and potentially very complex structure (secondary structure). This method results in the creation of branched junction elements which can be added together to create very large homogeneous arrays. [50] [51] [52] Great interest in this field has led to a large number of publications demonstrating 2D and 3D structures of increasing complexity. In addition, the technique was greatly expanded with the introduction of DNA origami by Paul Rothemund in 2006. 53 This new methodology simplified the design process by relieving some of the limitations imposed by the small number of nucleotide interactions available. Here, a large single-stranded DNA template, typically a viral genome, is folded into the desired shape through duplex formation with hundreds of short DNA strands, known as staple strands. This form of structural DNA nanotechnology has greater stability and typically more favorable assembly kinetics. It can easily be extended to enable the assembly of heterogeneous arrangements of multiple DNA origami tiles through additional base-pair interactions in order to form larger structures. Such structures have great potential as scaffolds for DNA-templated materials.
To expand the concept of DNA-templated materials, it is desirable to introduce capabilities for hierarchical spatial functionalization of DNA nanoarchitectures or arrays to produce heterogeneous structural assemblies with nanoscale resolution. This may be approached through chemical modification of DNA bases or sequencespecific interaction with DNA binding or recombination proteins.
A promising approach is to utilize the Escherichia coli protein Recombinase A (RecA) for spatially addressing DNA architectures. 54 The RecA protein is involved in DNA repair pathways through homologous recombination. It polymerizes upon single-stranded DNA in the presence of ATP and magnesium to form a nucleoprotein filament. Subsequently, this nucleoprotein complex is able to self-assemble onto a double-stranded DNA at regions of shared homology between the encapsulated single-stranded DNA and the double-stranded DNA (Figure 3.5a ). Upon successful assembly, the two homologous strands exchange resulting in the substitution of the new single-stranded DNA molecule with the homologous region of the doublestranded DNA molecule, and then the RecA complex disassociates through the hydrolysis of ATP.
This mechanism can be exploited for DNA-templated material applications, as it offers direct spatial addressing of nanoscale DNA structures. Owing to the spatial positioning being a function of the homology search, no specific binding sites are required to be preprogrammed into the DNA template. This makes this approach highly flexible and fully programmable, allowing the template strand to be addressed at any point and at any time by altering the sequence of the single-stranded DNA from which the nucleoprotein filament is formed. Furthermore, by substituting ATP with a nonhydrolyzable analog-ATPγS-it is possible to lock the complex in place once assembled, resulting in the stable patterning of the DNA substructure. 55, 56 Previous work by Keren et al. has demonstrated the use of RecA filaments as shadow masks for the production of gaps of controlled size in metallized DNA nanowires. 57 Alternatively, RecA itself can be functionalized or metallized for the production of nanowires, 58 which could ultimately be arranged specifically within a larger DNA structure. The applicability of this method for true nanoscale pattering of DNA templates and the programmable assembly of RecA nucleoprotein filaments as small as 3 nm with single DNA base-pair resolution have been recently demonstrated (Figure 3.5c) . 54 Visualizing the resulting small structures is of great importance to understand and exploit the process; however, given the typical feature sizes and the structural properties of the materials involved, it is a significant challenge. AFM Although conventional tapping-mode AFM is able to generate images of biologically templated materials, it is desirable to improve the resolution even further. As has been discussed above, the imaging resolution and force sensitivity of AFM are intrinsically linked, meaning that the tight regulation and control of tip-sample interaction forces can give rise to increased spatial resolutions as a smaller portion of the tip interacts with the sample. In addition, smaller imaging forces are particularly advantages when dealing with soft, fragile samples, such as those of a biological nature.
SENSING AND CONTROLLING FORCES
AFM employs a physical probe that interacts directly with the sample to gain the required information to form an image. This characteristic feature of AFM is, however, not limited to image formation. As discussed above, the typical forces experienced during imaging are on the order of piconewton to nanonewton, and therefore, AFM lends itself to direct sensing of local interaction forces with high spatial and force resolutions. AFM probes can be utilized as nanoscale force sensors to investigate an external force acting upon it, and mechanical characteristics of a sample can be derived through the application of force. Properties such as deformation, energy dissipation, adhesion, and moduli can be mapped with the same spatial resolution as available to topographical imaging.
Furthermore, by functionalizing the AFM tip to introduce specific enhanced affinity for certain parts of the sample, AFM can be applied to the study of interand intramolecular forces, including affinity mapping, 59 calculation of binding energies, 60 and examination of the internal mechanics of proteins. 61 
Force specTroscopy
The mechanical stability of biological systems is often critically linked with their biological activity, and thus being able to map nanoscale biological mechanics is of great importance in understanding how form and function are linked, and in this endeavor AFM is undoubtedly unsurpassed.
Considering the AFM cantilever as a Hookian spring, the interaction force between the AFM tip and a sample can be given as
where k and ∆z are the cantilever spring constant and deflection, respectively. Mechanical properties can be extracted by driving the cantilever along the z-axis from a position far away into the sample surface (and back) while monitoring the cantilever deflection signal. This is typically referred to as a force-distance curve, however, not the tip-sample distance but only the position of the z-piezo (Z) is known, which represents the rest position of the cantilever. The tip-sample 70 Nanomaterials separation distance d is affected by the deflection of the cantilever and the elastic properties of the sample. Therefore, d is given by
where δ s is the sample deformation. Hence, the recorded curve contains elastic contributions from the cantilever and the sample, as well as contributions from the tip-sample interactions, 62 including both long-range attractive and short-range repulsive (mechanical contact) forces.
Because of the elastic nature of the cantilever-and in many cases, the sample itself-discontinuities between the approach and the retract parts of the curve occur when considering the attractive interactions. This hysteresis mainly results from the snap to contact dominated by the formation of a capillary neck in ambient conditions, but also includes VdW and hydrophobic contributions. In general, more detailed information on the attractive part of the tip-sample interaction can be obtained upon retraction.
When considering the repulsive contributions, the spring constant of the cantilever plays a major part. Mechanical deformation of the sample occurs as the cantilever is lowered and the tip starts to interact with the sample surface until the cantilever begins to deflect due to the resistive force of the surface. Therefore, it is important to match the compliance of the cantilever and the sample to avoid damage to the sample and optimize force sensitivity, and this is of particular concern where biological samples are investigated. In addition, the tip geometry must also be taken into account, for example, when investigating biological membranes or imaging living cells, a sharp, high aspect ratio tip will lead to high loading forces across a small surface area, and hence can result in the rupturing of the membranes.
In 1996, Mitsui et al. exploited this principle to exert an external force on a protein in an attempt to gain insight into the protein's mechanical stability, 63 and shortly afterward this method was utilized to study the folding and unfolding pathways of the model protein system titin. 64 However, these early experiments, which focussed directly on unfolding single protein molecules, yielded complicated data signals arising from a complex combination of actual protein unfolding and nonspecific tip-sample interactions. 61 To overcome this challenge, recombinant polyprotein constructs that contain multiple protein units linked by short peptide domains are used to deconvolute the various contributions to the signal. A detailed discussion of this approach is given by Hoffmann and Dougan. 61 In general, force spectroscopy by AFM is carried out using two different approaches (Figure 3.6) . In force extension measurements, the AFM tip is lowered into the solution containing the surface-immobilized proteins such that an arbitrary number of proteins can attach to the tip and is then retracted from the surface at a constant velocity (typically 50-1000 nm/s). With increasing separation, the force experienced by the tip increases and at a particular force an individual domain within the protein will unfold, causing a sudden elongation of the effective length of the polypeptide chain, and an associated reduction of the cantilever deflection (Figure 3 .6a and b). The resulting force-extension curves typically resemble repeated sawtooth patterns, with peaks that correspond to the rupture forces of particular internal protein domains (Figure 3.6e) . Once all the domains have unfolded, a detachment peak is observed (Figure 3.6c and d) . Alternatively, the force clamp method applies a constant tip-protein force while recording the z-position of the cantilever as a function of time. As a protein domain unfolds, the polypeptide chain extends, and the cantilever position changes in a stepwise fashion (Figure 3.6f) . The resulting curve is typically staircase-like, where step heights relate directly to the number of amino acids released per unfolding event. Force clamp experiments can be conducted across a range of forces and along several trajectories by engineering the tip and surface such that specific residues at different regions of the protein are attached to the tip and the surface, respectively. 65
mapping mechanical properTies
Force curves are not limited to single points, and can in fact be collected across an entire surface analogous to, for example, imaging by tapping mode where height information is collected for each point across a surface. This process of mapping the mechanical properties across an entire surface is known as force-volume mapping. Traditional AFM instruments can collect force curves at a rate of up to 10 Hz, and typically each curve is treated independent of the previous one, which can lead to overshooting and increased sample load.
This approach of measuring force at each point across the sample surface has recently been adapted and developed further to enable ultra-high-resolution imaging. In this approach, generally referred to as PFT (Figure 3.7) , the applied force is continuously analyzed and the z-position of the cantilever is adjusted via a fast feedback loop such that the maximum force applied to the sample remains constant. We note that PFT effectively decouples the resonance of the cantilever from its response by oscillating at a set low frequency, typically fixed at 2 kHz. 66, 67 Furthermore, the z-piezo is actuated with a sinusoidal waveform, contrary to traditional force-distance curves, which are derived using linear ramps. This results in the tip velocity approaching zero at the point of contact, enabling a more controlled interaction. 67, 68 Owing to the increased speed of modern controller electronics, the system is able to modulate the peak force applied to the sample surface per oscillation cycle to a selfadjusting set point at which sample deformation begins. In practice, the probe is able to interact with the sample with forces of 10s of piconewton for merely 100 µs, with the system deriving multiple force-distance curves per pixel at a typical rate of 200 Hz. In addition, the signal-to-noise ratio is drastically increased by algorithmically removing any parasitic components from the deflection signal at each surface contact. 67 This approach of direct force control enables imaging at very low interaction forces and hence leads to increased spatial resolution compared to traditional modes, in particular for soft polymer and biological samples. In addition, PFT avoids excessive sample deformation, 69 ,70 minimizes tip wear, 68 and maintains stable imaging as the set points are not susceptible to drift, which is a particular benefit when imaging in fluid. Another important benefit of this mode is the fact that the mechanical Studying Biologically Templated Materials with Atomic Force Microscopy properties are extracted at each pixel, which enables comprehensive statistical analysis of the sample allowing true quantitative mapping (Figure 3.7c) . 66, 69 Additional variations of force mapping of biological samples include the direct investigations of ligand-receptor interactions. 71 An early example of this method is discussed by Gaub et al., measuring the interaction forces of individual biotin-avidin complexes 72, 73 and DNA hybridization. 72 When coupled with force-volume or PFT, this method can be used to examine the spatial distribution of specific receptors, typically across a biologically active surface (Figure 3.7d) . 59, 60 
high-resoluTion imaging oF Biologically TemplaTed maTerials
As discussed, the application of small forces gives access to superior resolutions upon fragile samples, in particular those of biological nature. It is now possible to image As the tip-sample distance is decreased, the cantilever goes from being at rest (point 1) to sensing long-range attractive forces (point 2). Upon further reduction of the separation, the cantilever experiences mechanical loading until a set threshold is reached (point 3). An adhesion force is experienced by the cantilever upon retraction (point 4), and when overcome by the restoring force of the cantilever, the system returns to its rest (point 5). An associated force-distance profile is depicted (b) showing both the approach (dotted line) and retract (dashed line) curves. Some characteristic quantities that can be derived from the interaction are indicated. The sensitivity of this method has applications in recognition mapping (c) and nanomechanical mapping (d).
bionanomaterials with sufficient resolution to probe their internal structures and identify perturbations as a consequence of hierarchical interactions such as the structural manipulation of DNA by proteins. This high spatial resolution offers insight into the exact role each biological component plays in a particular assembly, crucial information when attempting to manipulate their interaction to form bionanomaterials. If we consider the previous discussion of RecA nucleoprotein filaments, a clear advancement in spatial resolution can be seen in Figures 3.8a and 3 .5b. Through the controlled application of only 100 pN of force to the sample, we are able to image the subunit structure of nucleoprotein filaments absorbed onto mica. Interestingly, we can see a clear discontinuity in the helical pitch of the nucleoprotein filament, indicating that it has polymerized upon the encapsulated DNA from multiple locations. As discussed, DNA is one of the most promising molecules for use in bionanomaterials application due to the accuracy and fidelity of the Watson and Crick base pairing, and its structural characteristics as a semiflexible polymer.
Similarly, observing the helical pitch of linear DNA molecules (Figure 3 .8c) is now becoming relatively routine, and is even possible in more complex DNA geometries found in structural DNA nanotechnology and DNA origami (Figure 3.8b) . In Figure 3 .8b and c and the trace-taken across the white box in Figure 3 .8c-in Figure 3 .8d, the major grooves (arrows) and minor grooves are clearly resolved, showing the characteristic 3.4 nm helical pitch of B-form DNA. Additional periodicity with longer unit size can be observed owing to supercoiling of the DNA molecule; this can be seen in the overall height difference along the long axis of the DNA molecule.
Direct imaging with this level of detail can offer valuable insight into the internal forces induced in biologically templated structures, or forces exerted by additional protein components in hierarchical assemblies. For example, the helical pitch of DNA when encapsulated by RecA-based nucleoprotein filaments is approximately 5.2 nm, which represents an increase of 50% over native double-stranded DNA.
Where this occurs at a region of homology on a DNA template, the resulting stress has to be relaxed outside the patterned region of the DNA molecule. Although this is relatively straightforward in arrangements comprising only linear DNA molecules in solution, in more complex geometries or where two nucleoprotein filaments are in close proximity upon the same DNA molecule, the rotational freedom will be reduced, potentially resulting in unwanted stresses within the bionanomaterial. An understanding of how RecA nucleoprotein filaments impact on the underlying DNA scaffold is critical for advancing the field.
TEMPORAL RESOLUTION
It can be argued that one of the great limitations of AFM for the study of biological systems until very recently has been its lack in ability to image at sufficient speed to monitor biological processes in real time. However, in the past few years, a number of instruments have become available which make this possible. Before these recent advances are discussed, the theoretical aspects governing temporal resolution of dynamic AFM under fluid are briefly considered.
The highest possible imaging rate is fundamentally defined by the feedback bandwidth of the control loop that maintains the tapping force during a scan, with further limitations implied by the sample itself. 34, [74] [75] [76] [77] [78] [79] The image acquisition rate, r aq , is given by
where: v t is the velocity of the tip (x-axis) A is the scan area n is the density of scan lines (y-axis)
If we consider a sample whose typical features are distributed along the x-axis with a periodicity η, the bandwidth ν B of the z-axis feedback loop must be sufficient to trace the sample surface, that is,
and hence r An
Provided that the feedback loop acquires a phase delay of π/4 at the bandwidth frequency, the time domain delay resulting from the feedback loop is at least Δt = 1/8ν B . Most AFM systems operate in closed-loop feedback configuration, and it is reasonable to assume that the total time delay doubles as a result of the closed loop, 34 that is, ∆t cl ≈ 2∆t, and hence
where ∆t total is the total time delay in the feedback which is equal to or bigger than ∆t cl Hence, the maximum acquisition rate is given by r An
For illustration, in order to achieve an acquisition rate of five frames per second at a scan line density of 10 nm −1 for a sample of 50 nm × 50 nm with a typical feature periodicity of 1 nm, the total time delay in the feedback loop must not exceed 0.25 µs, and a minimum feedback bandwidth of 250 kHz must be achieved.
insTrumenTaTion perspecTive
Early efforts to increase the imaging speed of conventional AFMs have focused on contact mode techniques. It was identified that the mechanical response of the microscope is limited by the time delay in the piezo tube that actuates displacements in x, y, and z. In order to increase the bandwidth limitations of these piezo stacks, feedback actuation was attempted by the deposition of piezoelectric films directly on the cantilevers. 80 Subsequent developments saw the attempted use of these integrated piezoelectric films in dynamic modes. 81, 82 Through these methods, it was possible to increase the imaging speed by an order of magnitude, although it was limited by complicated signals that arose from integrating the piezoelectric films into the full length of the cantilever itself. 12 Furthermore, limitations in fabrication sizes of such cantilevers resulted in high spring constants Studying Biologically Templated Materials with Atomic Force Microscopy and poor resonance frequencies, 83, 84 which were further compounded in liquid. 85 Efforts to develop large arrays of individually addressable cantilevers were simultaneously attempted.
Further progress in fast-scan AFM was achieved by Miles et al. 86, 87 by developing novel approaches to constant mode. In their method, a tuning fork, resonating at 100 kHz, was employed as the x scanner, enabling frame rates of up to 14 frames per second in ambient conditions when imaging semicrystalline polymer samples.
Ando's and Hansma's groups simultaneously reported attempts to increase the feedback bandwidth of dynamic modes. A flurry of inventions followed, including small cantilevers with dimensions of less than 10 µm and corresponding optical detection systems to utilize these small cantilevers, 17,88-90 active damping z scanners, 91,92 dynamic proportional-integral-derivative controllers, 93 and fast data acquisition systems. [94] [95] [96] 
imporTance oF surFace preparaTion
In particular, for high-speed AFM, it is essential to remember that in addition to instrument capabilities, the sample preparation also plays a defining role in what can be achieved with AFM techniques. AFM does not require sample staining, fixation, or labeling, which is often characteristic of radiation-based microscopy techniques. However, as this method employs a physical probe, the deposition of molecules on a flat and rigid support surface-typically Muscovite mica-is required.
The exact method of sample preparation is dictated by the intended experimental procedures and can be broadly split between those that allow for maximum spatial resolution and those that allow for dynamic events to be observed in situ. In simplified terms, we can say that the difference between these two objectives is a function of the strength with which the molecules are bound to the support surface. Tightly bound molecules allow for greater spatial resolutions when imaging but lack the flexibility to allow subsequent interactions to occur in situ. Here, only preparations that allow biological processes to be observed with high-speed AFM will be discussed.
In order to observe biological process in real time, we require that the biological molecules largely retain their degrees of freedom when confined within 2D on the support surface. In short, they must be sufficiently free, that is, unconstrained by the interaction with the support surface, to undergo interactions, yet sufficiently fixed to resist the instantaneous interaction forces imposed by the scanning AFM probe. This seems to be a contradiction impossible to overcome.
Let us first consider the net charges on the surface of both the biological molecules and the support substrate. Where mica is utilized, it holds a net negative surface charge owing to the dissociation of K + ions from its aluminum phyllosilicate lattice upon submersion in aqueous fluids. Biological polymers such as nucleic acids hold a net negative charge, whereas proteins tend to have more complex surface charge distributions, which may be split into localized specific domains. It is worth noting that the charge on the biological molecules varies significantly with pH as their isoelectric point is generally not too far from neutral pH, and hence changes in the pH of the imaging buffer can result in altering the net charge of the molecule from negative to positive, or vice versa. However, the useful pH range is typically constrained as the biological molecules are typically only fully functional in narrow pH ranges.
The interactions that occur between nucleic acids, such as DNA, and proteins are the most commonly investigated by AFM owing to their relevance in biology and bionanotechnology. For such AFM experiments, the DNA molecules are usually bound to the mica surface, and subsequently the proteins are imaged while interacting with the surface associated DNA. In order to bind the negatively charged DNA molecules to mica, previous studies have chemically modified the surface, such as with APTES ((3-aminopropyl)triethoxysilane), resulting in a net positive surface charge. 97 However, this typically results in an associated increase in surface roughness. Alternative approaches include the cycling of buffers [98] [99] [100] or electric fields 101, 102 to switch between loose and bound states to image molecular interactions in stages; however, these lack the ability of true in situ observation. Additionally, novel support structures have been fabricated using DNA origami to isolate the biological interaction through indirect surface attachment. 103 Although all these methods have proven successful to varying degrees, they all put significant constraints on the experimental setup or do not provide the required functionality.
We have recently demonstrated the ability to tune the surface translational freedom of DNA molecules such that their surface association is sufficient to resist the lateral forces imposed by the tip during high-speed AFM imaging, while simultaneously providing enough mobility for nucleo-protein interactions to occur within physiologically relevant buffering conditions. 104 It is well established that divalent cations can be used to substitute the dissociated K + ions in the mica lattice. Transition metal cations, such as Ni 2+ , Co 2+ , and Zn 2+ , bind irreversibly to mica, whereas biological relevant cations such as Mg 2+ bind transiently, continually exchanging with K + and H + ions in the imaging buffer. This difference in binding strength can be exploited to tune the overall surface interaction of the DNA molecules with the mica. Ni 2+ provides strong localized attachment points, whereas Mg 2+ , as it binds only transiently, provides weak and diffuse attachment.
Mica surfaces can be preincubated with Ni 2+ as these ions bind irreversibly to the mica, but the Mg 2+ has to be present within the imaging buffer. By carefully controlling the ratio of Ni 2+ preincubation concentrations to the concentration of Mg 2+ in the imaging buffer, it is possible to tune the surface translational mobility of DNA as a function of Ni 2+ concentration, where the Mg 2+ concentration is kept at a physiologically relevant concentration. 104 An example of how the surface association of the DNA can be tuned from very strongly bound to very weakly bound is shown in Figure 3 .9.
oBservaTion oF Biological evenTs in real Time
Time-resolved AFM investigations have been successfully carried out over the past two decades, offering critical insight into many areas of biological study. To date, many model systems have been observed in action, such as RNA Studying Biologically Templated Materials with Atomic Force Microscopy polymerase, 105, 106 bacteriophage Lambda Cro protein, 107 DNA photolyase, 108 nucleosomes, 109 and restriction enzymes, 110 to name but a few.
Despite the success of these studies at revealing important information on the dynamics of biological molecules, the limited temporal resolutions of traditional AFM have impeded true real-time observations. Biological reactions take place on the order of seconds, and it is only recently that AFM technology was developed far enough to enable studies at multiple frames per second.
With the development of high-speed AFM over the last decade, the ability to follow biological processes with subsecond resolution while maintaining singlemolecule spatial resolution is now becoming possible. One of the most astounding examples, work by the Ando group, demonstrates the observation of the hand-overhand walking motion of the motor protein myosin V, confirming the long postulated mode of action (Figure 3.10) . 111 Additional work by the same group has demonstrated the direct observation of the response of bacteriorhodopsin to light 112 and the response of rotorless F1-ATPase to ATP. 113 Furthermore, the Sugiyama group has demonstrated an array of dynamic studies of DNA structural transitions situated within DNA origami reference frames, including folding of G-quadruplex and identifying its intermediate states, [114] [115] [116] and the transition of B to Z form of DNA. 117 Moreover, they have utilized the same system to observe directly the action of Holliday junction-resolving enzymes, 118 T7 RNA polymerase, 119 and the site-specific recombination protein Cre. 120 
DIRECT MANIPULATION AND CONSTRUCTION
With accurate control of a physical probe, it becomes possible to deposit, remove, and move molecules directly on a surface. Macroscale methods of construction utilize similar principles such as additive manufacturing or the bulk machining of materials to form functional structures. In this section, scanning probe lithography techniques are briefly reviewed, which are-at least originally-derived from their microscopical counterparts.
mechanical manipulaTion-desTrucTive
Although the sharp tip on the end of the flexible cantilever is primarily utilized for imaging and force spectroscopy, it can also be employed to manipulate the substrate. By applying a large loading force to the substrate, one can intentionally scratch the surface as would be achieved at the macroscale using a scalpel blade; this is unimaginatively known as nanoshaving (Figure 3.11a) . The applied force, geometry of the tip, and material hardness (relative to the tip hardness) all govern the overall profile of the scratch and this method is typically conducted using diamond-like carbon tips. This process can be used, for example, to scrape away polymer resists to expose the underlying substrate for subsequent depositions of metals or other materials. In addition, it can be further extended to work with self-assembled monolayers (SAMs), such as alkane thiolates that spontaneously absorb onto gold surfaces through a terminal thiol group. By applying lateral force, the AFM tip can be used to scrape away regions of the monolayer leaving the gold substrate selectively exposed. This method can therefore be utilized to pattern one SAM within another by immersing the substrate with the selectively exposed gold areas to a second SAM solution. 121, 122 Applications of this technique include the creation of patterns with alternative protein-binding and protein-repelling regions. This methodology is known as nanografting, and is capable of achieving sub-50 nm resolutions (Figure 3.11b ).
nano WriTing-consTrucTive
AFM-mediated nanolithography is not necessarily a destructive process, but can be used to lay down selectively new material as well. In its simplest form, dip pen nanolithography (DPN) can be described as a nanoscale fountain pen, where a probe is dipped in ink and then used to write arbitrary patterns upon a surface (Figure 3.11c) . Typically, the resolution is between 20 nm and 10s of µm, depending upon the viscosity of the ink utilized and the chemistry of the surface to be patterned.
Although DPN is derived from AFM, it does not directly depend on it. The process is governed by the relative humidity of the environment, the viscosity of the ink and consequently the meniscus formed between the surface and the tip. The writeable feature size has little dependence upon the applied force and therefore, DPN can be operated independent of optical cantilever detection systems or complicated feedback loops.
Broadly speaking, there are two types of DPN based upon the type of molecule deposited as ink, those based on molecular inks, and those based on liquid inks. The former were the first described, utilizing small molecules that are delivered to a substrate via a water meniscus. The feature size is controlled by varying the meniscus size as a function of relative humidity and by varying the tip dwell time. It is critical to match the deposition rate to the diffusion rate of the molecule utilized, which is different for each component. Additionally, it is important to note that this methodology means that the ink is restricted to being written to a specific substrate where the binding chemistry is matched, for example, alkanethiols onto gold or silanes onto silicon substrates.
By contrast, liquid inks are not restricted to dedicated surface chemistries and can be written onto virtually any substrate. These are composed of materials that can be dissolved in a liquid or that are liquids themselves, including but not restricted to proteins, peptides, DNA, lipids, hydrogels, sol-gels, and conductive inks. The viscosity of the ink is the dominating factor in governing resolution, with higher viscosities delivering greater control over feature size and deposition rate. DPN can be multiplexed by increasing the number of cantilevers that can simultaneous address the surface, potentially applying different inks, which allows, for example, the production of multiplexed protein or DNA arrays for biosensing applications (Figure 3.11g) . Salaita et al. demonstrated the simultaneous multiplexed writing by DPN using a 2D array of 55,000 cantilevers for such applications. 123 A combination of DPN with nanoshaving, termed nanopen reader and writer, has been used to introduce 4 nm 2 patches of octadecanethiol directly into a decanethiol monolayer. 124 Here, an octadecanethiol solution is used as an ink, and as soon as the preformed decanethiol SAM is removed through nanoshaving, the new SAM molecule, octadecanethiol, is written into the resulting cavities.
In alternative approaches, scanning probe-based techniques have been used for data storage applications with potential advantages such as ultrahigh areal density, potentially up to terabytes per square inch, and fast read and write speeds, comparable with flash memory. [125] [126] [127] [128] [129] Multiple regimes of operations have been demonstrated over the past two decades, including thermomechanical, 126, 130 localized phase changing of a polymer media, [131] [132] [133] magnetic, 134 thermo-enhance-magnetic, 135, 136 electrical, 137 ferroelectric, 138 and optical. 139 These different approaches have all been demonstrated in large multiplexed arrays employing large numbers of individually addressable tips to read and write data in a highly parallel nature.
modiFying local surFace chemisTry
Alternative approaches for modifying the sample surface locally using AFM-derived techniques include methods where the tip is used to apply an electrical current (e.g., conductive AFM [C-AFM]) (Figure 3.11d) or emit light on to the sample (e.g., nearfield scanning optical microscopy [NSOM]) (Figure 3.11e) . C-AFM allows the simultaneous acquisition of topographical information and application of an electrical current. In this context, C-AFM has be used to oxidize locally the functional groups of SAMs, for example, transforming the hydrophobic CH 3 terminal groups into hydrophilic hydroxyl groups. 140 Such constructive processing, followed by the use of selective chemistries to modify the SAM further, has been used to demonstrate the directed fabrication of gold clusters, 124 nanoparticles, 141 and silver islands. 140 Photolithographic processes are generally restricted in resolution by the diffraction limit, that is, the smallest features that can be defined are on the order of the wavelength of the light that is being used. However, this is only true in the far field, that is, where the distance of the light source to the sample is significantly larger than the wavelength of the light. This limitation can be circumvented by making use of nearfield effects, that is, by exploiting the radiation very close to the source of the light. This is realized by NSOMs, where an AFM-like tip is used as a light source. This can be conducted in two distinct ways. Radiation, for example, a laser beam, can be focussed onto the tip apex, which then acts as a light source. The light emitted from the tip apex, which is confined between the tip and the sample surface reminiscent of 84 Nanomaterials tip-enhanced Raman spectroscopy, can then be used for photolithography in the near field. 142, 143 Alternatively, apertures can be fabricated into the tips from which the light is emitted. Despite significant challenges associated with the manufacturing of regular apertured tips, tip heating, and interference artifacts, aperture-mode NSOM has been demonstrated by Leggett et al. who employed a UV laser to the patterning of photocleavable SAMs producing features of less than 50 nm. [144] [145] [146] Despite the advantages that this approach conveys, it remains limited-as all SPM techniques are-by the serial nature of the technique. In order to address this challenge, large arrays of tips can be used in parallel to increase the simultaneous write area of the technique. 147,148
Building WiTh aToms
Scanning probe techniques can also be used to directly manipulate and move atoms around on a sample surface (Figure 3.11f ). Eigler's group at IBM were the first to demonstrate this capability, and they demonstrated the positioning of individual iron atoms using an STM to confine the electronic states within a copper surface, known as a quantum corral. 149 IBM have since gone on to demonstrate the world's smallest stop motion movie called A Boy and His Atom. Here, carbon monoxide molecules were individually placed upon a copper surface using an STM as part of IBMs continued development of atomic memory and data storage applications. Although these impressive demonstrations are undertaken in solid-state systems rather than biologically templated systems, they highlight the increasing potential for SPM techniques to position directly isolated molecules, which could eventually extend to the directed assembly of discrete biological systems.
CONCLUSIONS AND PERSPECTIVES
Since its invention, the AFM has proven to be an extremely powerful tool for the characterization of materials at the nanoscale. The exceptional versatility of this form of microscopy has made it into a key tool for the interrogation of biological molecules. Although the operating principles of most, if not all, aspects of AFM are conceptually straightforward, the theoretical foundations for understanding the various different interactions involved have proven to be much more demanding to establish. In this chapter, the basic underlying theory of dynamic AFM modes has been discussed, although only to a limited extent, and readers trying to acquire a more detailed picture are referred to the literature cited in the text. The interrogation of a substrate by a sharp tip in mechanical contact with the surface means that the spatial resolution is directly governed by the physical properties of both the tip and the sample, as well as being a function of the force applied by the tip to the surface. By carefully optimizing tip geometry and in particular the mechanical properties of the cantilevers, the forces acting on the sample can be reduced and thus significant improvements in resolution were demonstrated over the past decades employing a range of different approaches. However, this was particularly challenging when imaging soft samples such as biological molecules and biologically templated materials. The most notable recent advancement was achieved Studying Biologically Templated Materials with Atomic Force Microscopy through significant developments in feedback electronics, enabling very fast and sensitive control over the applied interaction forces.
Furthermore, as AFM instruments collect data in a serial fashion, the temporal resolution is governed principally by the response time of the mechanical and electrical components of the instrument's feedback loop. A number of key advancements to the temporal resolutions have been highlighted in this chapter, indicating substantial developments in AFM instrumentation. In particular, recent developments of high-speed AFM is beginning to allow the interrogation of biological mechanisms over relevant timescales, a revolution that will undoubtedly change our understanding of some of the most fundamental processes in biology and further enable their application in bionanotechnology.
In contrast to radiation-based microscopies, AFM requires the biological molecules to be deposited on an ultra-flat and rigid support surface. As a result, the sample preparation plays a major role in all AFM investigations. This is of particular importance when investigating dynamic biological processes using HS-AFM techniques, as a fine balance between strong enough attachment to the surface to enable imaging with a mechanical tip, which applies a certain force to the molecules upon imaging, and the requirement to minimize the interaction of the molecules with the surface to allow the molecules to move as freely as possible, has to be struck.
Although AFM techniques have advanced considerably over the past few decades, they are far from reaching saturation, and many more developments will follow. For the advancement of biologically templated materials, where materials with novel properties are being developed by, for example, exploiting functionality of biological molecules, it is of fundamental importance that these biological mechanisms are understood in detail. Considering the potential of biologically templated materials, and of course of the vast range of other science or engineering challenges that benefit from such advances, further and more powerful tools to interrogate these underpinning mechanisms will be developed over the coming decades and beyond, and it can be anticipated that AFM techniques will play a very prominent role for the foreseeable future.
